Recently, a static gravitational field, such as that of the Earth, was proposed as a new source of decoherence [1] . We study the conditions under which it becomes the dominant decoherence effect in typical interferometric experiments. The following competing sources are considered: spontaneous emission of light, absorption, scattering with the thermal photons and collisions with the residual gas. We quantify all these effects. As we will see, current experiments are off by several orders of magnitude. New ideas are needed in order to achieve the necessary requirements: having as large as system as possible, to increase gravitational decoherence, cool it and isolated well enough to reduce thermal and collisional decoherence, and resolve very small distances.
Introduction
Does quantum theory applies also to the macroscopic objects of everyday life? Quantum properties, the most relevant being quantum interference, are not visible at macroscopic scales, mainly due to decoherence [2] [3] [4] [5] : superpositions are washed away by the interaction with the surrounding environment, which makes it hard to detect them by interferometric experiments. The most common sources of decoherence are external random fields [6] , residual gases [7, 8] , photons [2, 9] . Recently a new source of decoherence was proposed by Pikovski et al. [1] . This effect is due to gravitational time dilation of a system in a gravitational potential. The authors consider a system consisting of a large number N of harmonic oscillators in thermal equilibrium, in a gravitational potential. They show that the superposition in space of two center-of-mass wave packets decoheres when the two wave packets are centered in two positions, which have different gravitational potential, for example at two different heights on the Earth's surface.
This effect is fascinating from the conceptual point of view. It is an example of entanglement between relative and center-of-mass degrees of freedom, mediated by the gravitational potential, and has already given rise to an intense debate [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Here, we are interested in comparing this effect with other sources of decoherence, to understand under which conditions it can be detected, at least in principle.
The analysis done in [1] , which relies on the comparison between gravitational decoherence against decoherence due to thermal emission, shows that, for low temperatures and small superposition distances, the former is dominant. However, as pointed-out in [19] , in typical interferometric experiments also collisional decoherence with the residual gas should be taken into account, although Figure 1 : Graphical representation of the gravitational decoherence effect. The center of mass state of a system (for simplicity, we consider a sphere of radius r) is initially prepared in a vertical spatial superposition with separation ∆x. The coupling of the internal and center-of-mass degrees of freedom, mediated by the gravitational potential, decoheres the system. τG is the decoherence time.
the gas can be very diluted. We further explore this issue, from the quantitative point of view. First, we apply the Debye model for computing the heat capacity, instead of Einstein's model, which was used in [1] ; the former is more suitable for low temperature regimes, the ideal scenario for detecting gravitational decoherence. We will show that Einstein's model overestimates the effect. Second, we will compare the gravitational effect with collisional decoherence, as well as thermal emission and scattering. We will see that there exist conditions for which gravity becomes the main decoherence mechanism, however these conditions are not easy to reach with foreseeable technology.
Gravitational decoherence: comparison of Einstein and Debye model
The decoherence time τ G due gravitational decoherence on the Earth, written in terms of the heat capacity C V of the system, is [1] :
whereh is the reduced Planck constant, c the speed of light, K B the Boltzmann constant, g the gravitational acceleration, T the equilibrium temperature of the system, and ∆ x the vertical distance of a superposition of centerof-mass states. As for the system, we consider a spherical crystal of radius r. One crucial issue is how to model the heat capacity. A first simple model is provided by Einstein, who describes a crystal as made of independent harmonic oscillators, all having the same frequency [23] . The associated heat capacity gives an accurate description for high temperatures. In this limit (T > T D , where T D is the Debye temperature of the crystal) it reduces to the well known classical value C CL V = N K B , where N = 3N m is the number of degrees of freedom of the crystal and N m the number of molecules [23] . This is the expression considered in [1] , which leads to the following formula for τ G :
For high temperatures, Einstein's model is a good approximation, however for low temperatures predictions deviate from the experimental data [24] . A better model at low temperatures is provided by Debye. It assumes the crystal as made of independent harmonic oscillators distributed according to the BoseEinstein statistics [25] . The Debye heat capacity, in the limit T T D of low temperatures, is [23] 
, which yields to the following expression for τ G : This is the gravitational decoherence time we will use for our (low temperature) analysis [26] . Figure 2 compares the two expressions for the gravitational decoherence time. As τ D G /τ E G depends only on the ratio T /T D , it is independent from the specifications of the system, at least within the limits of validity of the models here considered. For temperatures smaller than T eq ∼ 0.2 · T D , Einstein's model overestimates the gravitational decoherence effect, while it underestimates it for T > T eq . Therefore, conceiving an experiment at very low temperatures to detect this gravitational effect is harder than originally estimated. As an explicit example, a sphere of radius r = 1 µm made of sapphire (T D = 1047 K) containing N m ∼ 10 11 molecules, at an equilibrium temperature T = 1.0 K and delocalized over a distance ∆ x = 10 −3 m (as considered in [1] , see their 
Competing effects
To be visible, gravitational decoherence must be stronger than the other competing decoherence sources. We consider the two most common sources in experiments involving quantum superpositions of material systems: thermal and collisional decoherence. In both cases, the decay of the off-diagonal elements of the density matrix is well described by the following expression [27] :
where the decoherence time τ TC takes into account both thermal and collisional decoherence. This expression works well for recoil-free collisions (infinite mass limit) and low pressures; both conditions are satisfied in typical experiments as those here considered. Again, we consider a spherical crystal of radius r made of N m = 4πr 3 n/3 molecules, where n is the number density of molecules. Two different limits for τ TC are relevant [2, 5, 28, 29] . In the long wavelength limit (2π∆ x λ dB ), where ∆ x = |x − y| and λ dB is the de Broglie wavelength of the system, τ TC = 1/Λ∆ 2 x where Λ is the localization parameter characterizing the decoherence mechanism. In the short wavelength limit (2π∆ x λ dB ) instead, τ TC = γ −1 , where γ is rate of events. A reasonable ansatz for τ TC , connecting the two limiting cases, is:
where the sum runs over all decoherence mechanisms (thermal and collisional, in our case). Thermal decoherence includes three processes; scattering with the thermal environmental photons [2, 27, 29] Λ scatt = 8!8ξ(9)cr
where ξ is the Riemann zeta function and is the complex dielectric constant of the crystal; absorption of the same environmental photons, in which case Λ abs = Λ em [29] , where Λ em is the localization parameter associated to the spontaneous emission of photons, the third thermal process. For the last two processes, we found two different models in the literature. The first, most widely used model (which we will refer to as Model 1), describes the system as a homogeneous particle of radius r, without taking its internal structure into account, in which case we have [29, 30] :
The second model (Model 2) takes also the internal structure of the system into account, and for this reason shows an explicit dependence on the heat capacity. In this case:
where λ = C V /K B , and erfc(z
2 is the complementary error function. In the following analysis we use both expressions for Λ em and consequently for Λ abs . The rate of events, for all thermal processes, is the same and is given by [5] :
Beside decoherence due to thermal photons, one typically has to consider also decoherence due to collisions [34] , macro-pacrticles [35] . In all cases, we grossly simplified the system by shaping it as a homogeneous sphere of radius r. ∼ 5.7 + 10 −4 i, P = 10 −17 mbar and T = 300 K. For macro-particles of SiO 2 : ∼ 3.9 + 10 −3 i, P = 5 × 10 −7 mbar and T = 4 K. In the case of micro and macro-particles, the experimental time texp is not reported since these are theoretical proposals. In the case of fullerenes, the temperature of the experiment is well above the Debye temperature of the system (TD = 185 K). In this case one has to use the Einstein's model, which gives τ E G ∼ 10 8 s.
with the residual gas particles, whose localization parameter is given by:
where n gas is the number density of the gas, which can be related to the pressure P and temperature T , under the assumption of a dilute gas, using the ideal gas law: n gas = P/(K B T ). The rate instead is given by:
These are the four main effects one typically takes into account when devising an interferometric experiment aimed at detecting quantum interference, or the lack of. The Appendix contains further details about the decoherence formulas, in particular the explicit derivation of the expressions in Eqs. (8), (10) and (11).
Comparison of the effects
We compare the strength of the different decoherence sources. In Table 1 we consider some of the best known interferometric experiments, either already performed, or at the stage of proposal. The first column shows the du-ration of the experiment, the second the gravitational decoherence time τ G , computed using the Debye model; the third column displays the combined thermal+collisional decoherence time τ TC , using Model 1 for thermal decoherence. For simplicity, since we are interested in an order-ofmagnitude analysis, we model all material systems as a homogeneous spheres of suitable radius. The numbers show that in all experiments so far performed, decoherence times are much longer that the experimental time, which is the reason why quantum interference was detected. However, in all cases the gravitational decoherence time is several orders of magnitude longer than the thermal+collisional decoherence time. This means that the current setups have to be significantly improved, to be used as detectors of gravitational decoherence.
In Fig. 3 we explore the parameter space temperature T vs. delocalization distance ∆ x , to see for which values gravitational decoherence dominates the other effects. Following [1] , we choose sapphire, because of its low microwave emission at low temperatures [1, 36, 37] and therefore for its suppressed thermal emission. The relevant parameters for sapphire are: T D = 1047 K, ρ = 4.0 × 10 3 kg m −3 and = 10 + 10 −9 i. Again, we model the system as a homogeneous sphere of radius r. For the residual gas, we consider air, i.e. a mixture of nitrogen N 2 at 78% and oxygen O 2 at 22% at the very low pressure of P = 10 −17 mbar, which is more o less the lowest pressure, which can be reached with existing technology [38] .
The region where gravitational decoherence is stronger, i.e. τ G < τ TC , is highlighted in grey. The are two types of regions. The one filled in grey corresponds to choosing Model 1 for thermal decoherence, while that marked with diagonal grey lines to Model 2 (see the discussion in Section 2).
As we can see, there are two disjoint grey regions. This is connected to the different dependence of the decoherence rate with respect to the delocalization distance ∆ x . For gravitational decoherence, the dependence is linear, while for thermal and collisional decoherence it is quadratic at short distances (long wavelength limit) and constant at large distances (short wavelength limit); see Eqs. (2) and (5). More specifically, the lower grey region, present in all four panels, correspond to the regime where the long wavelength limit applies: τ TC scales with ∆ 2 x , while τ G scales with ∆ x . The upper grey region, which appears only in the two bottom panels, correspond to the short wavelength limit: in this case τ TC is independent of ∆ x , while τ G still scales with ∆ x . For this reason, there is a gap between the two grey regions in the bottom panels.
As Figure 3 shows, there are regions where gravity is the dominant decoherence mechanisms. However, these regions are not easy to access experimentally, due to the quite extreme conditions required, with respect to presentday technology. The first difficulty is related to the distances of has to resolve. For example, if we consider an optomechanical setup with a microparticle of radius r = 10 −6 m or larger, gravitational decoherence dominates 
Gravitational decoherence vs Competing effects over the other effects if one is able to resolve distances ∆ x ∼ 10 −16 m, which is smaller than the radius of the proton's charge.
For smaller radii, as shown in the bottom panels (r = 10 −8 m and r = 10 −9 m), the numbers seem more favourable. But then one has to take another problem into account: the gravitational decoherence time (10 6 ∼ 10 10 s) is much longer than the typical time-scales of interferometric experiments (∼ 1 ms for matter-wave interferometry [40] and ∼ 100 ms for optomechanics [41] ).
Conclusions
To detect gravitational decoherence, interferometric experiments are the natural choice. One has to reduce standard decoherence sources (the two most important being thermal and collisional), which is done by cooling the system and by placing the setup in vacuum. As shown in Table 1 , none of the typical interferometric experiments performed (or suggested) is capable of detecting gravitational decoherence, whose timescales are several orders of magnitude longer than the experiments' times. New ideas are needed.
There are three difficulties to overcome. The first one is that for a system at thermal equilibrium at low temperatures, Einstein's model used in [1] is not appropriate. A better model is that of Debye, which however weakens the predicted decoherence rate also by several orders of magnitude, depending on the temperature. This was discussed in Section 2.
A second difficulty is that, as shown in Fig. 3 , the larger the size of the system, the stronger the competing effects (the smaller the grey area). This can be understood by comparing the decoherence time due to gravity with that due to the competing effects, for fixed ∆ x : in the first case it scales with √ N ∼ r 3/2 and in the second case with r 2 or higher powers. In order for gravitational decoherence to be dominant, one has to consider very small delocalization distances, which cannot be easily resolved if the system is large (∆ x < 10 −16 m for micrometric particles, or bigger ones).
The alternative is to use smaller systems, but in this case a third difficulty enter into play: the gravitational decoherence time simply becomes too long.
A possible way out is to consider the original effect presented in [10] , where only a few internal degrees of freedom (ideally, only two) are taken into account, in place of the many degrees of freedom considered in [1] . In this case the gravitational effect shows up as an oscillatory behavior in the visibility in an interferometric experiment, which can be distinguished more easily from standard decoherence. Also in this case the effect is very small, but potentially more likely to be detectable, e.g. with cold atom experiments.
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